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Fig. 3. Liver zonation index values of transporter protein distributions. The liver zonation indexes Z(0) and Z(100) for each protein were plotted based on the data shown in
Table 1. The values of Z(0) and Z(100) were calculated as shown in Materials and Methods. The differences (6) between the values of Z(0) and Z(100) are indicated in each

graph.

lovastatin would be distributed predominantly in the PC vein region. In
contrast, predominant protein distribution of hydroxymethylglutaryl-
CoA reductase in the PP vein region of the liver has been found in
normal and hydroxymethylglutaryl-CoA reductase inhibitor (mevino-
lin)-treated male rats fed standard laboratory chow (Singer et al., 1984).
This is a case where the predominant region of transporter protein
expression is different from that of the drug target expression in the liver.
A similar situation exists for the PC vein—predominant expression of
Octl, which is consistent with the previous immunohistochemical result
for Octl in rat liver (Meyer-Wentrup et al., 1998). Octl mediates hepatic
uptake of several prescription drugs, most notably the antidiabetic agent
metformin (Shu et al., 2007). On the other hand, the functional activity of
AMP-activated kinase, the target of metformin, is greater in the PP vein
region than in the PC vein region (Witters et al., 1994). Therefore,

evaluation of drug targeting to hepatocytes needs to take into account the
zonated expressions of both transporters and the target molecules in the
liver.

It has been proposed that Octl works in concert with drug-
metabolizing enzymes in detoxification pathways in the liver (Zhang
et al., 2006). In support of this proposal, the present results indicate a
greater expression level of Cyp2el in the PC vein region and a tendency
for PC vein region—predominant distribution of Cyp2c29 and Ugtlal.
The PC vein—predominant distributions of Cyp enzymes are consistent
with previous reports on the expression of Cyp2c29 and Cyp2el at the
protein and transcript levels (Braeuning et al., 2006). The greater
expression of Ugtlal is also in good agreement with the PC vein—
dominant total activity of UDP-glucuronyl transferase (el Mouelhi and
Kauftman, 1986). Thus, consideration of the zonated expressions of
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Fig. 4. Liver zonation index values of metabolizing enzyme and other protein distributions. The liver zonation indexes Z(0) and Z(100) for each protein were plotted based
on the data shown in Table 1. The values of Z(0) and Z(100) were calculated as shown in Materials and Methods. The differences (8) between the values of Z(0) and Z(100)

are indicated in each graph.

uptake transporters and metabolizing enzymes together may lead to
better predictions of clearance, especially in the case of drugs with
limited liver permeability.

The predominant protein expression of Oat2 in the PP vein region is
not consistent with previous mRNA quantification results suggesting no
difference in the transcript levels of Oat2 in the PC and PP vein regions
(Fork et al., 2011). This discrepancy could be explained by our previous

result showing that there is no correlation between mRNA and protein
amounts of plasma membrane transporters in human liver (Ohtsuki et al.,
2012). Functional analyses have demonstrated that Oat2 on the
sinusoidal membrane of hepatocytes mediates the efflux transport of
glutamate from hepatocytes in rats (Fork et al., 2011). This process may
be involved in spatial regulation of glutamate metabolism in the
liver, i.e., the efflux of glutamate from hepatocytes in the PP vein
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Fig. 5. Differences in ribavirin distribution amounts in the SR-101* and SR-101"
regions of mice 90 minutes after intravenous administration of both SR-101 and
ribavirin. The amount of ribavirin was determined in the microdissected tissues with
(closed column) or without (open column) acid phosphatase treatment. Each column
represents the mean = S.D. (n = 3) in three independent analyses. **P < 0.01,
significantly different between the indicated groups. N.S. represents no statistically
significant difference between the SR-101* and SR-101" groups.

region followed by glutamine synthesis from glutamate in hepa-
tocytes of the PC vein region, where expression of glutamine
synthetase is concentrated.

Hepatic drug transport and metabolizing activities have been
evaluated by using in vitro human hepatocytes during drug development
(Houston et al., 2012; Godoy et al., 2013), with the assumption that
hepatocytes exhibit uniform profiles of drug transport and metabolism
activities. The present findings on the PP and PC vein region—specific
protein expression amounts of transporters and metabolizing enzymes
therefore have implications for selecting the source of hepatocytes for
in vitro assays, and also suggest that it may be necessary to normalize
drug transport and enzymatic activities to enable more precise simulation
and modeling studies aimed at in vivo prediction. Furthermore, there
have been increasing numbers of reports on tissue-level kinetic modeling
of endogenous and xenobiotic metabolism in the liver based on the
metabolic zonation concept (Lerapetritou et al., 2009). Ohno et al.
(2008) reported results on single-hepatocyte-based lobular models of
ammonia metabolism that incorporate liver zone-specific gene expres-
sion of major enzyme transporters. Knowledge of the region-specific
absolute protein amounts and the liver zonation index of transporter-
s/enzymes introduced in the present study would be essential to
construct reliable in silico liver distribution and clearance in pharmaco-
kinetic tube and tank-in series models.

Previous studies of the zonated expressions of transporters and
metabolizing enzymes by means of immunohistochemistry (Micuda
et al., 2008) and by reverse transcription polymerase chain reaction of
isolated PP and PC vein hepatocytes obtained by ante- or retrograde
perfusion with digitonin/collagenase (Baier et al., 2006) as summarized
in Supplemental Table 3 have revealed some discrepancies. For
example, the present study indicates 2-fold greater expression protein
levels of Oatplal in the PC vein region of mouse liver, whereas previous
reports demonstrate the homogenous distribution of Oatplal in the PP
and PC vein regions of rat liver (Abu-Zahra et al., 2000; Baier
et al.,, 2006). These results may be at least partly due to differences
in the selected regions of liver tissue or differences in cell sam-
pling by perfusion-based hepatocyte isolation. In the present study, we
collected PP and PC vein region—predominant hepatocytes by
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Fig. 6. Mouse Oatplal mediates SR-101 uptake. (A) Representative fluorescence
images of SR-101 in mock-transfected HEK293 cells (Mock/HEK293; image Al)
and mouse Oatplal-overexpressing HEK293 cells (Oatplal/HEK293; image A2).
Scale bar, 50 wm. (B) Comparison of the SR-101 uptake amounts in Mock/HEK293
cells (open column) and Oatplal/HEK293 cells (closed column). Each column
represents the mean = S.E.M. (n = 3). **P < 0.01, significantly different between
Oatplal/HEK293 and Mock/HEK293 cells.

fluorescence-guided LMD, based on the distribution of SR-101 in the
liver. Therefore, the present results have the advantage of directly
clarifying the relationship between the protein expression levels and the
zonated substrate disposition. As shown in Supplemental Fig. 4, the
expression levels of transporters normalized by the level of 4f2 cell-
surface antigen heavy chain, which showed homogenous protein
expression in the PP and PC vein regions in the present study, are
consistent with those obtained in plasma membrane fractions of total
mouse liver (Miura et al., 2017) within differences of less than 2-fold,
except for Oatplal, bile salt export pump, and Abcb4. This result
suggests that the amounts determined with LMD-generated samples are
broadly consistent with those obtained using wet liver tissues. However,
the level of Oatplal, which exhibits PC vein region—dominant
expression, tends to be underestimated in the plasma membrane
fractions of mouse liver. Considering that Mrp6 and Abcb4 did not
show zonated expression in the present study, the intracellular
localization as well as the plasma membrane localization could have
influenced the overestimation of the expression levels in the LMD-
generating samples. Furthermore, it has been reported that total
taurocholate uptake decreased during monolayer cultivation of hepato-
cytes, and the zonal differences observed in freshly isolated cells in
suspension disappeared (Ugele and Gebhardt, 2003). Therefore, in vivo
zonated tissue sample preparation and quantification of transporter
protein levels should provide a superior basis for estimating the liver
region—specific distribution of drugs.
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In conclusion, the present study has demonstrated the zonated protein
expression profiles of major transporters and metabolizing enzymes in
mouse liver acinus. This information should be helpful in developing
liver-targeting drugs and for establishing predictive models of the
hepatic clearance of drugs.

Acknowledgments

We thank J. Aoki for valuable discussions on LMD analysis. We also thank A.
Niitomi and N. Handa for secretarial assistance.

Authorship Contributions
Participated in research design: Tachikawa, Sumiyoshiya, Saigusa, Wata-
nabe, Uchida, Terasaki.
Conducted experiments: Tachikawa, Sumiyoshiya, Saigusa, Sasaki.
Contributed new reagents or analytic tools: Watanabe, Uchida, Terasaki.
Performed data analysis: Tachikawa, Sumiyoshiya, Saigusa, Sasaki.
Wrote or contributed to the writing of the manuscript: Tachikawa,
Sumiyoshiya, Saigusa, Sasaki, Watanabe, Uchida, Terasaki.

References

Abu-Zahra TN, Wolkoff AW, Kim RB, and Pang KS (2000) Uptake of enalapril and expression of
organic anion transporting polypeptide 1 in zonal, isolated rat hepatocytes. Drug Metab Dispos
28:801-806.

Aiso M, Takikawa H, and Yamanaka M (2000) Biliary excretion of bile acids and organic anions in
zone 1- and zone 3-injured rats. Liver 20:38-44.

Baier PK, Hempel S, Waldvogel B, and Baumgartner U (2006) Zonation of hepatic bile salt
transporters. Dig Dis Sci 51:587-593.

Braeuning A, Ittrich C, Kohle C, Hailfinger S, Bonin M, Buchmann A, and Schwarz M (2006)
Differential gene expression in periportal and perivenous mouse hepatocytes. FEBS J 273:
5051-5061.

Chen C, Stock JL, Liu X, Shi J, Van Deusen JW, DiMattia DA, Dullea RG, and de Morais SM
(2008) Utility of a novel Oatp1b2 knockout mouse model for evaluating the role of Oatp1b2 in
the hepatic uptake of model compounds. Drug Metab Dispos 36:1840-1845.

Ellis LC, Hawksworth GM, and Weaver RJ (2013) ATP-dependent transport of statins by human
and rat MRP2/Mrp2. Toxicol Appl Pharmacol 269:187-194.

el Mouelhi M and Kauffman FC (1986) Sublobular distribution of transferases and hydrolases
associated with glucuronide, sulfate and glutathione conjugation in human liver. Hepatology 6:
450-456.

Fork C, Bauer T, Golz S, Geerts A, Weiland J, Del Turco D, Schomig E, and Griindemann D
(2011) OAT?2 catalyses efflux of glutamate and uptake of orotic acid. Biochem J 436:305-312.

Fukuchi Y, Furihata T, Hashizume M, likura M, and Chiba K (2010) Characterization of ribavirin
uptake systems in human hepatocytes. J Hepatol 52:486-492.

Godoy P, Hewitt NJ, Albrecht U, Andersen ME, Ansari N, Bhattacharya S, Bode JG, Bolleyn J,
Borner C, Bottger J, et al. (2013) Recent advances in 2D and 3D in vitro systems using primary
hepatocytes, alternative hepatocyte sources and non-parenchymal liver cells and their use in
investigating mechanisms of hepatotoxicity, cell signaling and ADME. Arch Toxicol 87:
1315-1530.

Groothuis GM, Hardonk MJ, Keulemans KP, Nieuwenhuis P, and Meijer DK (1982) Autoradio-
graphic and kinetic demonstration of acinar heterogeneity of taurocholate transport. Am J Physiol
243:G455-G462.

Gumucio JJ, Balabaud C, Miller DL, DeMason LJ, Appelman HD, Stoecker TJ,
and Franzblau DR (1978) Bile secretion and liver cell heterogeneity in the rat. J Lab Clin
Med 91:350-362.

Houston JB, Rowland-Yeo K, and Zanelli U (2012) Evaluation of the novel in vitro systems for
hepatic drug clearance and assessment of their predictive utility. Toxicol In Vitro 26:1265-1271.

Ishizuka H, Konno K, Naganuma H, Nishimura K, Kouzuki H, Suzuki H, Stieger B, Meier PJ,
and Sugiyama Y (1998) Transport of temocaprilat into rat hepatocytes: role of organic anion
transporting polypeptide. J Pharmacol Exp Ther 287:37-42.

Ishizuka H, Konno K, Naganuma H, Sasahara K, Kawahara Y, Niinuma K, Suzuki H,
and Sugiyama Y (1997) Temocaprilat, a novel angiotensin-converting enzyme inhibitor, is
excreted in bile via an ATP-dependent active transporter (¢(MOAT) that is deficient in Eisai
hyperbilirubinemic mutant rats (EHBR). J Pharmacol Exp Ther 280:1304-1311.

Jones AL, Hradek GT, Renston RH, Wong KY, Karlaganis G, and Paumgartner G (1980) Auto-
radiographic evidence for hepatic lobular concentration gradient of bile acid derivative. Am J
Physiol 238:G233-G237.

Kamiie J, Ohtsuki S, Iwase R, Ohmine K, Katsukura Y, Yanai K, Sekine Y, Uchida Y, Ito S,
and Terasaki T (2008) Quantitative atlas of membrane transporter proteins: development and
application of a highly sensitive simultaneous LC/MS/MS method combined with novel in-silico
peptide selection criteria. Pharm Res 25:1469-1483.

Tachikawa et al.

Katz NR (1992) Metabolic heterogeneity of hepatocytes across the liver acinus. J Nutr 122 (Suppl
3):843-849.

Kawakami H, Ohtsuki S, Kamiie J, Suzuki T, Abe T, and Terasaki T (2011) Simultaneous absolute
quantification of 11 cytochrome P450 isoforms in human liver microsomes by liquid chroma-
tography tandem mass spectrometry with in silico target peptide selection. J Pharm Sci 100:
341-352.

Lerapetritou MG, Georgopoulos PG, Roth CM, and Androulakis LP (2009) Tissue-level modeling
of xenobiotic metabolism in liver: an emerging tool for enabling clinical translational research.
Clin Transl Sci 2:228-237.

Meyer-Wentrup F, Karbach U, Gorboulev V, Arndt P, and Koepsell H (1998) Membrane locali-
zation of the electrogenic cation transporter rOCT1 in rat liver. Biochem Biophys Res Commun
248:673-678.

Micuda S, Fuksa L, Brcakova E, Osterreicher J, Cermanova J, Cibicek N, Mokry J, Staud F,
and Martinkova J (2008) Zonation of multidrug resistance-associated protein 2 in rat liver after
induction with dexamethasone. J Gastroenterol Hepatol 23:¢225-¢230.

Miura T, Tachikawa M, Ohtsuka H, Fukase K, Nakayama S, Sakata N, Motoi F, Naitoh T,
Katayose Y, Uchida Y, et al. (2017) Application of quantitative targeted absolute proteomics to
profile protein expression changes of hepatic transporters and metabolizing enzymes during
cholic acid-promoted liver regeneration. J Pharm Sci 106:2499-2508.

Ninomiya M, Ito K, Hiramatsu R, and Horie T (2006) Functional analysis of mouse and monkey
multidrug resistance-associated protein 2 (Mrp2). Drug Metab Dispos 34:2056-2063.

Ohno H, Naito Y, Nakajima H, and Tomita M (2008) Construction of a biological tissue model
based on a single-cell model: a computer simulation of metabolic heterogeneity in the liver
lobule. Artif Life 14:3-28.

Ohtsuki S, Schaefer O, Kawakami H, Inoue T, Liehner S, Saito A, Ishiguro N, Kishimoto W,
Ludwig-Schwellinger E, Ebner T, et al. (2012) Simultaneous absolute protein quantification of
transporters, cytochromes P450, and UDP-glucuronosyltransferases as a novel approach for the
characterization of individual human liver: comparison with mRNA levels and activities. Drug
Metab Dispos 40:83-92.

Ohtsuki S, Uchida Y, Kubo Y, and Terasaki T (2011) Quantitative targeted absolute proteomics-
based ADME research as a new path to drug discovery and development: methodology,
advantages, strategy, and prospects. J Pharm Sci 100:3547-3559.

Oinonen T and Lindros KO (1998) Zonation of hepatic cytochrome P-450 expression and regu-
lation. Biochem J 329:17-35.

Sakamoto A, Suzuki S, Matsumaru T, Yamamura N, Uchida Y, Tachikawa M, and Terasaki T
(2016) Correlation of organic cation/carnitine transporter 1 and multidrug resistance-associated
protein 1 transport activities with protein expression levels in primary cultured human tracheal,
bronchial, and alveolar epithelial cells. J Pharm Sci 105:876-883.

Sasamoto T, Sano N, and Takikawa H (2006) Biliary excretion of sulfated bile acids and organic
anions in zone 1- and zone 3-injured rats. J Gastroenterol Hepatol 21:26-31.

Schnell C, Shahmoradi A, Wichert SP, Mayerl S, Hagos Y, Heuer H, Rossner MJ, and Hiilsmann S
(2015) The multispecific thyroid hormone transporter OATP1C1 mediates cell-specific sulfo-
rhodamine 101-labeling of hippocampal astrocytes. Brain Struct Funct 220:193-203.

Shu Y, Sheardown SA, Brown C, Owen RP, Zhang S, Castro RA, Ianculescu AG, Yue L, Lo JC,
Burchard EG, et al. (2007) Effect of genetic variation in the organic cation transporter 1 (OCT1)
on metformin action. J Clin Invest 117:1422-1431.

Singer II, Kawka DW, Kazazis DM, Alberts AW, Chen JS, Huff JW, and Ness GC (1984)
Hydroxymethylglutaryl-coenzyme A reductase-containing hepatocytes are distributed peri-
portally in normal and mevinolin-treated rat livers. Proc Natl Acad Sci USA 81:5556-5560.

Takai N and Tanaka Y (2015) Imaging of drug and metabolite distribution by MS: case studies.
Bioanalysis 7:2639-2648.

Takikawa H, Sano N, Onishi T, Ohashi M, Hasegawa Y, and Nishikawa K (2001) Biliary excretion
of temocapril in zone 1- and zone 3-injured rat. Hepatol Res 20:216-220.

Tokui T, Nakai D, Nakagomi R, Yawo H, Abe T, and Sugiyama Y (1999) Pravastatin, an HMG-
CoA reductase inhibitor, is transported by rat organic anion transporting polypeptide, oatp2.
Pharm Res 16:904-908.

Uchida Y, Zhang Z, Tachikawa M, and Terasaki T (2015) Quantitative targeted absolute proteo-
mics of rat blood-cerebrospinal fluid barrier transporters: comparison with a human specimen. J
Neurochem 134:1104-1115.

Ugele B and Gebhardt R (2003) Heterogeneity of rat liver parenchyma in taurocholate uptake.
Hepatol Res 27:238-247.

Witters LA, Gao G, Kemp BE, and Quistorff B (1994) Hepatic 5'-AMP-activated protein kinase:
zonal distribution and relationship to acetyl-CoA carboxylase activity in varying nutritional
states. Arch Biochem Biophys 308:413-419.

Zaher H, Meyer zu Schwabedissen HE, Tirona RG, Cox ML, Obert LA, Agrawal N, Palandra J,
Stock JL, Kim RB, and Ware JA (2008) Targeted disruption of murine organic anion-
transporting polypeptide 1b2 (Oatp1b2/Slcolb2) significantly alters disposition of prototypical
drug substrates pravastatin and rifampin. Mol Pharmacol 74:320-329.

Zhang L, Strong JM, Qiu W, Lesko LJ, and Huang SM (2006) Scientific perspectives on drug
transporters and their role in drug interactions. Mol Pharm 3:62—69.

Address correspondence to: Dr. Masanori Tachikawa, Membrane Transport and
Drug Targeting Laboratory, Graduate School of Pharmaceutical Sciences, Tohoku
University, 6-3 Aramaki, Aoba, Sendai 980-8578, Japan. E-mail: tachik-dds@umin.
ac.jp

0202 ‘6T Jequieidss U0 SfeuInop 13dSY 1 B10°SeuIno flpdse pup Woiy papeojumoq


mailto:tachik-dds@umin.ac.jp
mailto:tachik-dds@umin.ac.jp
http://dmd.aspetjournals.org/

DMD#79244
Supplemental data

Journal: Drug Metabolism and Disposition

Liver zonation index of drug transporter and metabolizing enzyme protein expressions

in mouse liver acinus.

Masanori Tachikawa, Yuna Sumiyoshiya, Daisuke Saigusa, Kazunari Sasaki, Michitoshi Watanabe, Yasuo

Uchida, Tetsuya Terasaki

Supplemental Methods

Sulforhodaminel01 (SR-101) uptake by mouse Oatp2bl-overexpressing HEK293 cells

HEK?293 cells transiently expressing Oatp2bl were generated by transfection of myc-DDK-tagged open
reading frame of mouse Oatp2bl inserted in the pCMV6 vector (OriGene Technologies, Rockville, MD),
respectively. The transfection was performed using Lipofectamine™ 2000 and Opti-MEM | medium
(Invitrogen) according to the manufacturer’s protocol. Briefly, the cells were seeded at 90% confluence in
24-well plates using antibiotic-free medium. The complex of the vector and lipofectamine was incubated
with the cells for 6 h, and then the cells were cultured in normal culture medium for 24 hrs. For uptake
study, the cells were washed with normal extracellular fluid (ECF) buffer (122 mM NaCl, 25 mM NaHCOs,
3 mM KCI, 0.4 mM KzHPO4, 10 mM glucose, 1.4 mM CaClz, 1.2 mM MgSO4 and 10 mM HEPES, pH
7.4). Uptake was initiated by applying 300 uL normal ECF buffer containing 1 uM SR101 at 37-C. At 20
min, the solution was removed to terminate uptake, and the cells were washed in ice-cold normal ECF
buffer. Images were taken with a fluorescence microscope (Fluoview, Olympus, Tokyo, Japan). The cells
were then homogenized in distilled water using a sonicator. The homogenate was centrifuged at 21,600xg
for 5 min at 4°C and the supernatant was collected. The cell-associated fluorescence was measured with a
fluorescence detector (Fluoroscan Acent FL, Thermo Fisher Scientific, Waltham, MA). The accumulation

of SR-101 in the cells was expressed as the cell-associated fluorescence per well.
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Supplemental Table S1 Target peptide sequences and selected/multiple reaction monitoring

(SRM/MRM) transitions for quantification of each protein

Molecule

Target peptide sequence

SRM/MRM transitions (m/z)

o1 Q31 Q32 033 Q3-4
Slc2147/0atp15 SENSPLYIGILESGK 803.9 1189.683 816.4828 703.3087 533.2031
SENSPLYIGIL*ESGK 807.4 1196.7 8235 710.4159 540.3103
TSVITLLFPR 573.8 859.5402 746.4561 532.3243 419.2402

Slc38a4/Ata3
TSVITLLFP*R 576.9 865.554 752.4699 538.3381 425.254
Abean LLFGPLPDLDGK 642.9 1058.552 911.4833 757.4092 432.2454
LLFGPLPDL*DGK 646.4 1065.569 918.5004 764.4264 439.2624
Abeas VFQVGNK 396.2 692.3727 545.3043 318.1773 417.2457
VFQV*GNK 399.2 698.3864 551.3181 318.1773 423.2594
Abcad WIAEPAR 4217 656.3727 543.2886 343.2089 175.119
WIAEPA*R 4237 660.3798 547.2957 347.216 175.119
Abeas NAVVPIK 370.7 357.2498 555.3866 456.3182 626.4237
NAVVPI*K 374.2 364.267 562.4038 463.3354 633.4400
AbC6, 80.9 LFPQAAR 4017 542.3046 445.2518 317.1932 689.373
LFPQAA*R 403.7 546.3117 449.2589 321.2003 693.3801
Abear QFQSPLR 438.2 385.2559 600.3464 472.2879 747.4149
QFQSPL*R 4417 392.2731 607.3637 479.3051 754.4321
Abcata DLTLDVYK 4838 738.4033 637.3556 5242715 310.1762
DLTLDV*YK 486.8 7444171 643.3694 530.2853 310.1762
Abcath LFPQASR 409.7 705.3679 558.2995 461.2467 333.1881
LFPQA*SR 4117 709.375 562.3066 465.2538 337.1952
Abeas LLPQEEL 421.2 227.1757 615.2986 132.102 710.3723
LLP*QEEL 424.2 227.1757 621.3124 132.102 716.3861
Abeals LLAIPIPDNR 561.3 711.3784 501.2416 824.4626 614.3257
LLAIPIP*DNR 564.3 717.3023 507.2554 830.4764 620.3395
bl NIVWDPQK 500.3 487.2512 772.3989 673.3305 372.2043
NIVWDP*QK 503.3 493.265 778.4127 679.3443 378.2381
Abcbd /2 IATEAIENIR 565.3 531.2886 715.4098 644.3727 844 4524
IATEA*IENIR 567.3 531.2886 719.4169 644.3727 848.4595
eypia2 YLPNPALK 458.3 620.3647 428.2869 542.3298 331.2341
YLPNPALK* 462.3 620.3647 436.3011 550.344 339.2483
eyp2as GYGVVFSSGER 579.3 781.3839 682.3155 377.1822 535.2471
GYGVVFSSGER* 584.3 791.3022 692.3238 377.1822 545.2554
— NISQSFTNFSK 636.8 1045.495 830.4043 7433723 596.3039
NISQSFTNFSK* 640.8 1053.509 838.4185 751.3865 604.3181
—— GTTLITNLSSALK 659.9 833.4728 486.2926 946.5569 732.4251
GTTLITNLSSALK* 663.9 841.487 486.2926 9545711 740.4393
Ugttat SLSFNSDR 463.2 725.3212 638.2892 491.2208 201.1236
SLSFNSDR* 468.2 735.3295 648.2975 501.2291 201.1236
Ugts0 SFLTGSAR 419.7 235.108 604.341 491.257 390.21
SFLTGSAR* 424.7 245.108 614.341 501.257 400.21
" GAAVALNIR 4428 200.103 586.367 129.066 209.171
Ugtzbs GAAVALNIR* 447.8 200.103 596.367 129.066 209.171
Ugi2636 TPATLGPNTR 514.3 544.284 657.368 758.416 487.262
TPATLGPNTR* 519.3 554.284 667.368 768.416 497.262
LAEPSSLQYLPYR 768.9 1223.642 435.2351 839.4411 314.1713
HMG-CoAreductase | ) epssiQyLPYR* 773.9 1233.65 4452434 849.4494 314.1713
NADPH.CPR FAVFGLGNK 476.8 635.3513 734.4197 488.2829 805.4568
FAVFGL*GNK 480.3 642.3685 741.4369 495.3001 812.474
e EQLFLEALK 545.8 573.3606 460.2766 720.4291 833.5131
EQLFLEALK* 549.8 581.3748 468.2908 728.4433 841.5273
Slutamine synthetase 65)  DIVEAHYR 501.8 774.3893 675.3200 546.2783 387.6983
DIVEAHYR* 506.8 784.3976 685.3292 556.2866 392.7024
Actin AGFAGDDAPR 488.7 701.3213 630.2842 458.2358 343.2089
AGFAGDDAP*R 4917 707.3351 636.298 464.2496 349.2027

Bold letters with asterisks indicate amino acid residues labeled with stable isotope (13C and 15N).
Conditions of SRM/MRM analysis were optimized for high signal intensity following direct injection of
peptide solution into the mass spectrometer through a turbo ion spray source. Theoretical m/z values of
doubly charged ions of intact peptides (Q1) were assumed for precursor ions. Four singly charged fragment
ions (Q3) were derived from each precursor ion.
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Supplemental Table S2 Molecules under the limit of quantification

Limit of quantification

Alias (fmol/mm?)
SR101(+) SR101(-)

Slc transporter
Slc2al/Glutl 0.287 0.309
Slc6a2/Net 1.11 1.10
Slc7a5/Latl 0.565 0.551
Slc16a7/Mct2 0.860 0.872
Slc21a2/Oatp2al (Pat) 1.94 1.48
Slc21a5/Oatplad 3.00 4.11
Slc21a7/Oatplab 2.41 2.29
Slc21a9/Oatp2bl 1.29 1.24
Slc21al1/Oatp3al 1.43 1.36
Slc21al12/Oatp4al 0.635 0.604
Slc21a13/Oatplab 2.21 2.08
Slc21al4/Oatplcl 0.685 0.649
Slc21al7/Oatpl7 1.03 1.15
Slc21a18/0Oatp18 2.30 2.23
Slc38a4/Ata3 0.375 0.402
Slc47al/Matel 1.18 1.14
Abc transporter
Abcal 0.448 0.427
Abca?2 1.15 1.14
Abca3 0.332 0.329
Abcab 0.315 0.316
Abcab, 8a. 9 0.839 0.868
Abca7 0.323 0.298
Abca8a 1.47 1.40
Abca8b 0.445 0.461
Abca9 0.487 0.493
Abcal?2 0.834 0.853
Abcal3 0.547 0.529
Abcbla/Mdrla 0.425 0.406
Abcblb/Mdrlb 0.566 0.544
Abcc3/Mrp3 0.677 0.651
Abcc5/Mrp5 0.220 0.225
Abccl2/Mrp9 0.503 0.464
Abca8 0.257 0.264
Enzyme
Cvpla2 32.3 32.1
Cvpn2a5 0.399 0.385
Uat2b5 1.93 1.82

HMG-CoA reductase 0.620 0.594
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Supplemental Table S3 Summery of the zonated expressions of transporters and metabolizing
enzymes in peri-portal vein (PP) or peri-central vein (PC) regions of the liver in rodents

Molecule Species Method mMRNA Distribution Reference
Protein in PP and PC
regions
Slc transporter
Male Quantitative MRNA PP=PC (Baier et
Sprague- PCR/Isolated al., 2006)
Dawley | hepatocytes by ante- or
Rat retrograde perfusion
with digitonin
Slcl0al Ntcp
Immunohistochemistry | Protein PP=PC
Male Immunohistochemistry | Protein PP=PC (Donner et
Sprague- al., 2007)
Dawley
Rat
Male Immunoblot/Isolated | Protein PP=PC (Abu-
Sprague- | hepatocytes enriched by Zahra et
Dawley | digitonin/collagenase al., 2000)
Rat perfusion
Male Quantitative PCR/ MRNA PP=PC (Baier et
Sprague- | Isolated hepatocytes by *mRNA al., 2006)
Dawley ante- or retrograde expression tends
Rat perfusion with digitonin to be greater in
PC region
although there is
Slc21al | Oatplal fOStAnSHEal
significance.
Immunohistochemistry | Protein PP=PC
*Protein
expression is
excluded in the
midzonal area.
Male Immunohistochemistry | Protein PP=PC (Donner et
Sprague- al., 2007)
Dawley
Rat
Male Immunohistochemistry | Protein PP<PC (Donner et
Slc21a10 | Oatplb2 S[g)rague- al., 2007)
awley
Rat
Rat Immunohistochemistry | Protein PP<PC (Meyer-
Slc22al Octl Wentrup et
al., 1998)
SIc2247 Oat2 Rat Quantitatiye P(_:R/La_ser MRNA PP=PC (Fork et
capture microdissection al., 2011)
Abc transporter
Male Quantitative MRNA PP<PC (Baier et
Abcbll Bsep Sprague- PCR/Isolated al., 2006)
hepatocytes by ante- or
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Dawley retrograde perfusion
Rat with digitonin
Immunohistochemistry | Protein PP<PC
* Predominant
pericentral
cytoplasmatic
staining.
Male Immunohistochemistry | Protein PP=PC (Donner et
Sprague- al., 2007)
Dawley
Rat
Male Immunohistochemistry | Protein PP>PC (Micuda et
Wistar al., 2008)
Rat
Male Quantitative PCR/ MRNA PP=PC (Baier et
Abcc?2 Mrp2 | Sprague- | Isolated hepatocytes by al., 2006)
Dawley ante- or retrograde
Rat perfusion with digitonin
Immunohistochemistry | Protein PP=PC
Male Immunohistochemistry | Protein PP=PC (Donner et
Abced Mrpa Sprague- al., 2007)
Dawley
Rat
Enzyme
Male Microarray/lsolated MRNA PP<PC (Braeunin
C3H/He | hepatocytes enriched by getal.,
Cyp2e29 | Cyp2c29 Mouse digitonin/collagenase 2006)
perfusion
Male Quantitative MRNA PP<PC (Braeunin
C3H/He PCR/Isolated getal.,
Mouse | hepatocytes enriched by 2006)
digitonin/collagenase
perfusion
Cyp2el Cyp2el
Male Immunohistochemistry | Protein PP<PC (Buhler et
Alko al., 1992)
mixed
strain
Rat
Other
Mouse Microarray and MRNA PP<PC (Braeunin
C3H/He Immunoblot/Isolated | Protein PP<PC getal.,
Glul GS Mouse | hepatocytes enriched by 2006)
digitonin/collagenase
perfusion

Protein or mRNA expressions of transporters and metabolizing enzymes in liver PP or PC regions are
summarized according to the previous reports. PP=PC: Even/Homogenous distribution in PP and PC
regions, PP>PC: PP region-predominant distribution, PP<PC: PC region-predominant distribution
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Supplemental Figure S1 Uneven distribution of SR-101 in the liver acinus of mice at 30 min (A) or 90
min (B and C) after intravenous injection of SR-101. There are distinct regions strongly positive for SR-
101 and either negative or weakly positive for SR-101, respectively. Scale bar: 50 pm.
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Supplemental Figure S2 A comparison of protein expression levels of transporters/receptors (A) and
metabolizing enzymes (B) in the SR-101(+) and SR-101(-) liver regions of mice intravenously injected
with SR-101. The solid line passing through the origin represents the line of identity, and the broken lines
represent 2-fold differences. A; 1. Oatplal, 2. Mctl, 3. Slc22al8, 4. Ntcp, 5. Entl, 6. Oatplb2, 7. FcRn, 8.
Berp, 9. Mrp6, 10. Bsep, 11. Octl, 12. Mrp2, 13. Abcb4, 14. Abcg5, 15. 4F2hc, 16. Oat2, 17. Mrp4, 18.
Oatplad. B; 1. Cyp2c29, 2. Cyp2el, 3. Ugtla9, 4. Cyp3all, 5. Ugt2b3, 6. Ugtlal, 7. NADPH-CPR, 8.
Cyp2d22, 9. Cyp51al, 10. Cyp8bl. Each point represents the mean+S.D. (n=3) in three independent
analyses. U.L.Q; under the limit of quantification. **p<0.01, significantly different between the SR-101(+)
and SR-101(-) regions. The individual values are shown in Table 1.
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Supplemental Figure S3 Mouse Oatp2bl mediates SR-101 uptake. (A) Representative fluorescence
images of SR-101 in control HEK293 cells (Control/HEK293; Al and A2) and mouse Oatp2bl-
overexpressing HEK293 cells (Oatp2b1/HEK?293; A3 and A4). Scale bars: 100 um. (B) Comparison of the
SR-101 uptake amounts in Control/HEK293 cells (open column) and Oatp2bl/HEK?293 cells (closed
column). Each column represents the mean+S.E.M (n=4). **p<0.01, significantly different between
Oatp2b1/HEK293 and Control/HEK?293 cells.
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Supplemental Figure S4 A comparison of protein expression levels of transporters, normalized by the level
of 4F2hc, in the plasma membrane fractions of total mouse liver and laser-microdissected samples from
frozen mouse liver sections. The data on plasma membranes are taken from the previous report (Miura et
al., 2017). The data on the frozen liver sections are taken from Table 1. Each point represents the mean
value of each transporter protein level divided by that of 4F2hc. The solid line passing through the origin
represents the line of identity, and the broken lines represent 2-fold differences. The numbers near the circles
identify the transporter: 1 Oatplal, 2 Na*, K*- ATPase, 3 Mctl, 4 Ntcp, 5 Entl, 6 Oatplb2, 7 Bcrp, 8 Mrp6,
9 Bsep, 10 Mrp2, 11 Abch4, 12 Abcg5, 13 4F2hc, 14 Mrp4.
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